We investigate the structural and electrical properties of Al x In 1ex N/AlN/GaN heterostructures with AlGaN buffers grown by MOCVD, which can be used as an alternative to AlInN HEMT structures with GaN buffer. The effects of the GaN channel thickness and the addition of a content graded AlGaN layer to the structural and electrical characteristics were studied through variable temperature Hall effect measurements, high resolution XRD, and AFM measurements. Enhancement in electron mobility was observed in two of the suggested Al x In 1Àx N/AlN/GaN/Al 0.04 Ga 0.96 N heterostructures when compared to the standard Al x In 1ex N/AlN/GaN heterostructure. This improvement was attributed to better electron confinement in the channel due to electric field arising from piezoelectric polarization charge at the Al 0.04 Ga 0.96 N/GaN heterointerface and by the conduction band discontinuity formed at the same interface. If the growth conditions and design parameters of the Al x In 1Àx N HEMT structures with AlGaN buffers can be modified further, the electron spillover from the GaN channel can be significantly limited and even higher electron mobilities, which result in lower two-dimensional sheet resistances, would be possible.
Introduction
Al(In)GaN/(In)GaN-based high-electron mobility transistors (HEMTs) have been studied extensively as ideal candidates for high frequency and high power applications [1, 2] . In order to improve the performance of devices, various barrier and channel alternatives have been used in nitride based HEMTs [3e9]. Several achievements have been made in AlGaN/GaN HEMT performance by optimizing the material quality, device fabrication, and the epitaxial layer designs [10] . An AlN interlayer has been inserted between the AlGaN barrier and GaN layer, which makes polarization effects stronger and this causes a higher sheet carrier density. In addition, due to less alloy disorder scattering, a higher mobility has been achieved [3e6] . Moreover, achieving higher 2DEG densities in either undoped or modulation-doped AlGaN HEMT structures requires the growth of ternary alloys with higher Al composition in which the polarization-induced electric field is much larger. However, growing AlGaN layers with a high (>%30) Al mole fraction contains problems due to the large tensile strain that these layers experience. This tensile strain degrades the quality of the layer above a critical thickness and then causes a significant reduction in electron mobility [6, 11] . To overcome this problem, Kuzmík proposed using a nearly latticematched AlInN/GaN structure to improve the performance of HEMTs with high sheet carrier densities provided by spontaneous polarization only [12, 13] . Following the original proposal of Kuzmik, AlInN barriers have become increasingly attractive due to their much higher spontaneous polarization, which leads to higher 2DEG densities even with zero piezoelectric polarization and allows thinner barrier thicknesses compared to AlGaN [14, 15] . In addition, as AlInN barriers can be grown latticematched to GaN, they have the potential to reduce the density of strain-related defects. /V but with the cost of a significant reduction in sheet carrier density (9 Â 10 12 cm À2 ) [22] .
In addition to these efforts, Wu et al. have grown nearly latticematched AlInN HEMT structures on Fe-doped semi-insulating GaN substrates in order to obtain high power levels owing to the good thermal conductivity of GaN substrates [18] . Despite these works reported in the literature, alternative buffers for AlInN HEMT structures have not been studied systematically, which is very important for obtaining high-electron mobilities and low leakage currents.
In this study, we aim to investigate the potential use of AlGaN buffers in AlInN HEMT structures, which were also used in AlGaN/ GaN heterostructures in order to improve electron confinement in the channel [25e29]. Electrical and structural characteristics of AlInN HEMT structures with different AlGaN buffers and with standard GaN buffer were compared. Electrical characterization of the samples is performed by using variable temperature Hall effect measurements in a temperature range of 30e300 K, and structural characteristics were obtained through AFM and high resolution XRD measurements.
Experimental details
Al 0.82 In 0.18 N/AlN/GaN/Al 0.04 Ga 0.96 N HEMT structures were grown on 2 inch c-plane (0001) sapphire substrates in a vertical low-pressure metaleorganic chemical vapor deposition (Aixtron 200/4 RF-S) system. Prior to epitaxial growth, the sapphire substrate was annealed at 1050 C for 10 min in order to remove surface contamination. The growth was initiated with a 15 nm thick low temperature (LT) AlN nucleation layer at a temperature of 770 C. Then, a 400 nm high temperature (HT) AlN layer was grown at a temperature of 1125 C. A 1.1 mm thick nominally undoped Al 0.04 Ga 0.96 N buffer layer (BL) was then grown at 1030 C and a reactor pressure of 140 mbar. After the Al 0.04 Ga 0.96 N BL, GaN channel layers were grown at the same temperature. The growth time was adjusted in order to obtain GaN channel layers with the desired thickness. In order to reduce the alloy disorder scattering, a w1 nm thick HT AlN inter layer was grown at a temperature of 1075 C. An 8 nm Al 0.82 In 0.18 N barrier layer was deposited on the AlN inter layer at a growth temperature of 830 C. The growths were finalized by growing a 2 nm thick GaN cap layer at 830 C. In Sample-D, a 450 nm graded Al x Ga 1Àx N layer (x ¼ x 1 /x 2 ) was deposited by linearly lowering the Al composition x from x 1 ¼ 100% to x 2 ¼ 4% toward the upper side on the high temperature AlN buffer layer at a temperature range of 1125 Ce1030 C. As a reference, one sample was grown without AlGaN buffer but with a 2 mm GaN buffer layer. All the layers were nominally undoped. After growth, the samples were characterized by high resolution X-ray diffraction (HR-XRD), atomic force microscopy (AFM), and variable temperature Hall measurements. The details of all the samples are shown in Table 1 .
For the Hall effect measurements, square shaped samples in Van der Pauw geometry were prepared with four evaporated Ti/Al/Ni/ Au triangular ohmic contacts at the corners. The ohmic behavior of the contacts was confirmed by the currentevoltage (IeV) characteristics. The measurements were performed at a constant magnetic field of 0.4 T and at various temperatures over a temperature range of 30e300 K by using a Lake Shore Hall effect measurement system. 
Results and discussion
The conduction band profile and carrier distribution for the AlInN/AlN/GaN and AlInN/AlN/GaN/AlGaN structures is calculated by solving one-dimensional non-linear SchrödingerePoisson equations, self-consistently including polarization-induced carriers [30] . The material parameters used for the calculations were taken from [31] and tabulated in Table 2 . The cross-sectional schematic diagram of the investigated AlInN HEMT structures is shown in Fig. 1 . The conduction band profiles and carrier distributions of the AlInN HEMTs are shown in Fig. 2 . It is clearly seen in Fig. 2 that the AlGaN buffers would significantly improve the electron confinement in the channel. The electron confinement in the AlInN/AlN/GaN/AlGaN heterostructure is improved by the electric field arising from the piezoelectric polarization charge at the Al 0.04 Ga 0.96 N/GaN heterointerface and by the conduction band discontinuity at the same interface [25e28]. Since the AlGaN alloy within an Al content of 10e90% has high thermal resistance [32] , the Al composition of thick AlGaN buffers were kept around 4% for the AlInN/AlN/GaN/AlGaN samples. In order to observe the effect of GaN channel thickness, 20 nm and 40 nm thick GaN channels were grown in sample-B and sample-C, respectively. Moreover, a 450 nm thick composition graded Al x Ga 1ex N layer was grown before the Al 0.04 Ga 0.96 N buffer in sample-D, which was expected to provide a better transition from the HT AlN layer to the Al 0.04 Ga 0.96 N buffer layer.
High resolution x-ray diffraction (HR-XRD) measurements were performed to determine the overall structural quality and the alloy compositions of four samples. X-ray data were collected on the (0002) reflections with ue2q scans. Fig. 3 shows ue2q scan HR-XRD patterns around the (0002) reflection for Al x In 1-x N/AlN/GaN heterostructures with AlGaN buffers and standard GaN buffer along with the simulation curves. The simulations of HR-XRD scan data were performed with the commercial software LEPTOS 4.02 by using kinetic and dynamic methods. The two main peaks are the (0002) zeroth-order Bragg reflections from the GaN BL (sample-A)/ Al 0.04 Ga 0.96 N BL (sample-B, C, D) and AlN layer. Indium compositions of the AlInN barrier layers were determined as 19.5%, 20%, and 21% for samples A, B, C-D, respectively. The Indium composition variation in the samples can be explained by the composition pulling effect due to the different misfit strains in the films [27] . Due to the nearby strong peak of thick GaN/AlGaN layers it is not possible to get a strong signal from thin AlInN (xw18e20%) barrier layers in XRD measurements. The actual Indium composition can be somewhat debatable but such small variation in Indium content of AlInN barrier layers would not violate the arguments made on the electrical properties of the studied samples.
The full width at half maximum (FWHM) values, determined from the x-ray rocking curves for the symmetric plane (0002) is clearly seen that the insertion of graded AlGaN layer leads to a more broadened peak. In addition, the peak of GaN channel layer becomes more distinguishable from the peak of AlGaN buffer layer for sample C, which has a thicker GaN channel than that of sample-B. Hall measurements of the grown samples as a function of the temperature (30e300 K) were performed at a constant magnetic field (0.4 T). Fig. 5 shows the temperature-dependent Hall sheet carrier density and mobility data for all of the AlInN HEMT structures. As seen in the figure, the sheet carrier densities for all the samples remain nearly constant through the studied temperature range. This temperature behavior of sheet carrier densities implies that the conduction is dominated almost exclusively by the carriers at the AlN/GaN heterointerfaces. Measured mobility values of samples B and C are higher than that of sample-A (control sample) in the whole temperature range, while Sample-D has the lowest mobility among all the samples. The observed mobility enhancement in these samples can be attributed to the piezoelectrically enhanced electron confinement and the large conduction band discontinuity formed at the Al 0.04 Ga 0.96 N/GaN heterointerface. The electron confinement could increase the screening effect against the ionized impurity scattering and dislocations that plays an important role in determining the 2DEG mobility [33, 34] . On the other hand, mobility enhancement, which is obtained in sample-B (20 nm thick GaN channel), is not as significant as in sample-C (40 nm thick GaN channel). Compared to the sample-C, the lower 2DEG mobility obtained in the sample-B might be due to the inferior crystalline quality of the thin GaN channel. The threading dislocations coming from the underlying layers can probably be threaded all the way through the thin GaN channel. This situation is also confirmed by the AFM surface roughness measurements. Moreover, the observation of the lowest mobility (723 cm 2 V À1 s À1 )
in sample-D can also be explained by degraded crystal quality. In addition, a low mobility three-dimensional channel originating from the graded AlGaN layer could be formed in parallel with the main 2-D channel [35] . Small differences in Indium compositions of the AlInN barrier layers (revealed by XRD analyses) might have effect on the mobility of the samples. However, the effect caused by this small difference of barrier composition is not expected to be significant when compared with the effects caused by the buffer and channel parameters [36] . When 2DEG densities of the samples are compared, sample-A (control sample) has the highest 2DEG density (2.54 Â 10 13 cm
À2
), which is consistent with the calculations. The depletion due to negative polarization charges at the Al 0.04 Ga 0.96 N buffer/GaN channel interface significantly decreases the sheet carrier density in the AlInN heterostructures with AlGaN buffers.
It is apparent that the major difference in the total sheet carrier density of AlInN/AlN/GaN/AlGaN structures and standard AlInN/ AlN/GaN structures comes from the electrons spread over the GaN buffer. These electrons will contribute little to peak current, but may be responsible for the buffer leakage in possible transistor applications. Therefore, employing Al x Ga 1-x N buffers in AlInN HEMTs and optimizing the layers properly might further limit the electron spillover from the GaN channel and suppress the buffer leakage of the HEMT devices. However, device application is beyond the scope of the present paper.
Conclusion
We have studied the structural and electrical properties of Al x In 1Àx N/AlN/GaN heterostructures with AlGaN buffers grown by MOCVD, which can be used as an alternative to AlInN HEMT structures with GaN buffer. The effects of the GaN channel thickness and the addition of a content graded AlGaN layer to the structural and electrical characteristics were investigated. In addition, the composition pulling effect was observed in the AlInN barriers due to the different misfit strains in the films. Enhancement in electron mobility was observed in two of the suggested AlInN HEMT structures with AlGaN buffers when compared to the structure with GaN buffer. This mobility enhancement was attributed to better electron confinement in the channel due to the electric field arising from the piezoelectric polarization charge at the Al 0.04 Ga 0.96 N/GaN heterointerface and by the conduction band discontinuity formed at the same interface. Although our study shows that there is the potential of performance enhancement in AlInN HEMT structures with AlGaN buffers further studies are needed to fully evaluate and exploit the promise of these heterostructures with AlGaN buffers.
